A hybrid system, consisting of an array of Fe nanodots covered by a superconducting Al thin film, exhibits very unusual magnetotransport, including a giant hysteretic magnetoresistance with different reversible or irreversible regimes related to the magnetic state of the array. These effects originate from the magnetic fields produced by magnetic nanodots in the ''magnetic vortex state.'' This is a unique model system in which properties of a magnetic array are transferred into the superconductor. [5] [6] [7] , and spatially modulated superconductivity [8] . In this Letter we investigate a novel S/F structure in which ferromagnetic characteristics are dramatically imprinted into the transport properties of a superconductor (Al) by magnetic fields from a dense magnetic (Fe) nanodot array. The unusual effects reported here are produced by nucleation, displacement and annihilation of magnetic vortices in the nanodots [9] [10] [11] [12] [13] [14] . In these the magnetization curls in plane around a magnetic vortex core [15] , where it points up or down out of plane (''vortex polarity''). It is crucial that these magnetic vortices can easily be manipulated with an in-plane applied field comparable to the superconducting critical fields.
Artificial superconducting/ferromagnetic (S/F) hybrid systems [1] exhibit a vast variety of interesting effects, including proximity [2] , collective superconducting pinning [3] , domain-wall [4] , field-induced [5] [6] [7] , and spatially modulated superconductivity [8] . In this Letter we investigate a novel S/F structure in which ferromagnetic characteristics are dramatically imprinted into the transport properties of a superconductor (Al) by magnetic fields from a dense magnetic (Fe) nanodot array. The unusual effects reported here are produced by nucleation, displacement and annihilation of magnetic vortices in the nanodots [9] [10] [11] [12] [13] [14] . In these the magnetization curls in plane around a magnetic vortex core [15] , where it points up or down out of plane (''vortex polarity''). It is crucial that these magnetic vortices can easily be manipulated with an in-plane applied field comparable to the superconducting critical fields.
This system shows truly hybridized properties (hysteresis and remanence) as properties of magnetic vortices are imprinted into the superconductor. Below T c the magnetotransport is bistable and can be switched between high-and low-resistance states by the magnetic state of the dots. The high-resistance state is irreversible while the lowresistance one is reversible within certain field limits. The transition between both is controlled by the distribution of vortex polarities in the array. These novel properties induced in the superconductor lead to a giant, remanent, hysteretic magnetoresistance of up to 10 5 %, in excess of that produced by spin-switch effects [16] . Extensions of this S/F system are ideal to study problems related to percolation, reverse-domain superconductivity [4] , etc.
Fe dot (20 nm thick, polycrystalline) arrays covered with a Au protective layer (1 nm thick) were fabricated on Si substrates using nanoporous alumina masks and e-beam evaporation [17] . Scanning electron microscopy (SEM) of the arrays [ Fig. 1(a) ] exhibits short-range sixfold symmetry [ Fig. 1(b) ] with typical correlation lengths 2d ÿ3d (with d the interdot distance) [18] , and Gaussian distributions of dot diameters [ [ Fig. 1(c) [19] from T c and the resistivity 4:2 K 6 cm give 0 0=0 5:5; i.e., the Al films studied here are type-II superconductors.
The in-plane hysteresis loops M jj H at T 6 K for A20 and C20 are shown in Figs induced flux dynamics as the origin of the observed effects. M jj H of the dot array is essentially the same at T 6 K and T 1:25 K (i.e., above and below T c ) since the temperature dependence of the magnetization is saturated. Moreover, since the Al thickness is much smaller than 0:89T c 550 nm, the in-plane external field penetrates through the film and its diamagnetic response can be neglected [19] . The solid (brown) and hollow (white) data are measured from positive to negative saturation (H S ! ÿH S , with H S 2:5 kOe) and vice versa, respectively. Triangles (green) are for the ''virgin'' curves. Before these, the sample was demagnetized with an ac magnetic field of decreasing amplitude. Then, measurements were performed from zero magnetization to positive (negative) saturation (0 ! H S ).
The hysteresis loop [ Fig. 2 (a)] of array A is as expected for single magnetic domain dots [13] and reversal via magnetization rotation (see sketches). Arrays B or C [C20 shown in Fig. 2(b) ] behave differently from A: there is a characteristic ''pinching'' in middle of the loop, reduced coercivity (H C 0:575, 0.375, and 0.275 kOe for A, B, and C, respectively) and remanence (0:75M S , 0:35M S , and 0:45M S ), and a virgin curve that quickly merges into the major loop. These are distinctive features of vortexstate mediated magnetization reversal, as we found earlier [12, 13] and showed by neutron diffraction [14] . A cartoon of this reversal mechanism is depicted in Fig. 2(b) ; from negative to positive saturation (coded red to blue), the three main consecutive events are vortex nucleation (H n ÿ100 Oe [13] ), displacement of the vortex-core to the center of the dot (at H C ), and vortex annihilation (H a 1:5-1:25 kOe for arrays B-C). Because of the imperfections in these arrays there is a distribution of annihilation or nucleation fields, with full-width at half-maximum 0:5 kOe [13] (the mean annihilation or nucleation fields are discussed below). Dipolar interactions between nanodots are not negligible since d < 2[ [12] .
Sample A20 exhibits a magnetoresistance [ Fig. 2(c) ] similar when the field is swept from positive to negative saturation H S ! ÿH S (or vice versa) or when swept from zero field to saturation 0 ! H S after a demagnetizing cycle. For lower fields, a decrease of several orders of magnitude in resistance characterizes the transition into the superconducting state. Curves measured from positive (negative) saturation shift towards negative (positive) fields with a minimum resistance at 60 Oe. In contrast, the virgin curve is symmetric around H 0 Oe. This shift originates from the external field compensation [6] by the remanent magnetization of the dot array.
Samples with arrays B and C (vortex-state) exhibit a radically different behavior [see Fig. 2(d) ] for C20. This is the main result of our Letter. When the field is swept from positive (or negative) saturation H S ! ÿH S the resistance remains close to normal-state values, with small minima (at H 0:5 and 0:3 kOe for B and C respectively) around the coercive fields. After a demagnetizing cycle, a deep superconducting transition takes place at low fields. Depending on the magnetic history, two different resistances high (R h ) and low (R l ) are found for a fixed applied magnetic field in a certain range. Interestingly, typical ferromagnetic properties, hysteresis and remanence, are dramatically imprinted into the magnetotransport. This induces a current (J) dependent giant, remanent, hysteretic magnetoresistance R h ÿ R l =R l as large as 10 5 % at zero applied field. Even the more subtle magnetic behavior characteristic of nanodots in the vortex-state is transferred to the transport properties. Arrays B and C exhibit a linear, reversible response near the origin in the virgin M jj H curve [triangles in Fig. 2(b) ]. This is due to the reversible vortex-core motion within the nanodots [13] . After the low-resistance state is established by a demagnetizing cycle [triangles in Fig. 2(d) ], RH is also reversible and is constant as the field is swept back and forth. Reversibility is lost and remanence is observed [in RH and M jj H] after the applied field exceeds 1:5 and 1:25 kOe for arrays B and C, respectively. The vortex annihilation field gives this threshold field. Figure 3 shows the switching between the low-and highresistance states for sample B20. After applying a positive saturating field H S , RH was measured as the field was decreased to a field H R 0 and then swept back to positive saturation (H S ! H R ! H S ; minor loops). M jj H cycles were independently measured (not shown). Cycles with jH R j 1-1:25 kOe lead to the low-resistance state, while 
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those with larger or smaller jH R j lead to the high-resistance one. Using RH and M jj H we obtained RM jj for any field H. RM jj at zero applied magnetic field H 0 helps clarify the role of the dots' magnetic state for this unusual behavior (see inset of Fig. 3 , the labels indicate jH R j). All the samples with dots in the vortex state behave qualitatively the same.
The in-plane magnetization jM jj =M S j > 0:4 drives the sample into the normal state independently of the magnetic history. However, M jj cannot account by itself for the switching between the different states in Fig. 3 . The inset of this figure shows a strong asymmetry RM jj Þ RÿM jj (note the logarithmic scale) around jM jj =M S j 0:05-0:15, with RÿM jj 2 to 4 orders of magnitude lower than RM jj . This implies that besides the in-plane magnetization M jj an additional ''hidden'' variable (linked to the magnetic history) leads to this behavior. The only neglected magnetic variable is the out-of-plane magnetization M ? in the vortex cores, which must play a significant role. Note (see labels in the inset of Fig. 3 ) that the lowresistance state is achieved in cycles with jH R j 1-15 kOe (jH R j 0:75-1:25 kOe for array C, not shown). These fields, close to the vortex annihilation fields found in these arrays [13] , qualitatively follow the expected trend (the annihilation fields scale with dot size) [10] . Thus the high to low-resistance transition is triggered as the applied field is cycled around the annihilation fields, and is connected to M ? in the vortex cores. Other mechanisms such as proximity effects [2] are ruled out by similar observations in samples where the transparency of the Fe=Al interfaces was reduced by an FeO x layer.
To evaluate the effect of M ? on the superconducting film we calculated the out-of-plane magnetic field H ? produced by the vortex cores [20] and compared it to the superconducting critical field H Cr [22] . The magnetic field profiles obtained are strongly dependant on the distribution of vortex polarities. Figure 4 shows H ? x; y (with x, y the inplane coordinates) for array B, in which (a) all the vortices have the same polarity, (b) random distribution of polarities, and (c) an antiferromagnetic (AF) arrangement of polarities. White areas in Fig. 4 correspond to regions with H ? < H Cr 20 Oe. Superconductivity is locally suppressed on top of the magnetic dots because there H ? > H Cr regardless of the polarity distribution. Thus, the system shows zero resistance if the supercurrent percolates along areas between the dots where H ? < H Cr . This is similar to percolation in a hexagonal network, for which the percolation threshold (minimum percentage of conducting bonds for a conducting network) is 33% [23] . If all the vortices have the same polarity [ Fig. 4(a) ], H ? > H Cr everywhere and the Al film is expected to be in the normal state. With a random distribution of polarities [ Fig. 4(b) ], H ? > H Cr in between vortices with opposite polarity (20% of the space between dots) and, even if not enough to allow complete percolation, a lower finite resistance is expected. Finally, for an AF distribution [ Fig. 4(c) ] H ? > H Cr in 36% of the space between dots, and therefore percolation and zero resistance is expected. Figure 4 should not be taken literally as the situations in real samples. The actual arrays present short-range order and many possible degenerate ground states similar to Fig. 4(c) . Moreover, the vortex cores are not pinned in the center of the dots. However, these calculations show that a high-to low-resistance transition is expected as the polarity distribution changes from one with the same polarity for the majority of vortices to other in which 50% of the vortices point up or down. Evidence is found if a 10 kOe positive field applied out-of-plane (well above the coercive field H C 1:5 kOe) induced the same polarity [9] in all magnetic vortices. As expected from Fig. 4(a) removal of that field did not restore the superconducting state. This   FIG. 4 (color online) . Calculated out-of-plane field H ? x; y produced by the vortex cores of array B (see color grade legend in Oe), for a (a) distribution with all vortices having the same polarity, (b) random distribution of polarities and (c) AF distribution. could be recovered either by the application of a positive out-of-plane external field H 25 Oe that compensates the magnetic field from the vortex cores, or a demagnetizing cycle to restore a balanced vortex polarity distribution (50% up or down). This discussion also applies to array C, except that two vortex cores might be present in these larger dots.
The superconducting to normal phase boundary is controlled by the combined effects of the applied field, the inplane and out-of-plane magnetization in the vortex cores. The latter has two effects. On the one hand, it suppresses superconductivity on top of the dots. Since superconductivity nucleates only in between the dots, the in-plane magnetization has a stronger effect than with arrays of single magnetic domain dots (A). On the other hand, nucleation of superconductivity between the dots is strongly affected by the vortex polarity distribution, causing highor low-resistance for similar in-plane magnetizations. The minor loops in Fig. 3 arise from the fact that (i) the polarity of a single vortex is set at nucleation and annihilation/ renucleation is required to change it, and (ii) there is a finite distribution of annihilation or nucleation fields [13] . The high-resistance observed as the external field is reduced from saturation (H S ! H) implies that a majority of vortices nucleate with equal polarity [ Fig. 4(a) ]. Although this is in principle unexpected (a 50% up or down polarity distribution is energetically favorable), it can be caused by the unavoidable misalignments between the applied field and the array plane, as shown by micromagnetic simulations in which 4 misalignment produces 85% of the vortices to have same polarity. The low-resistance implies a balanced population of polarities (50% up or down). It is observed after the field is reduced further to H R at which only a fraction of the vortices are annihilated, and then reversed (H S ! H R ! H, Fig. 3) . Vortices annihilated at H R renucleate with opposite polarity, to reduce magnetostatic interactions with their neighbors and due to the external field misalignment that now favors the opposite polarity. This cycle yields a balanced population of polarities [Figs. 4(b) and 4(c)]. Since the polarity distributions only change through annihilation or nucleation processes, the low-resistance state is reversible as long as the applied field is below the annihilation field of most vortices. A visualization technique such as magnetic force microscopy would be desirable to verify the vortex polarity distributions suggested above. However, unlike for larger vortex cores [9] , the small vortex cores here (15 nm [11, 14] ) are close or below the resolution of this technique.
In summary, we have shown that the properties of magnetic vortices can be imprinted into the transport properties of superconducting (Al) thin films. This modifies dramatically the behavior of the superconductor, inducing a very unusual hysteretic, remanent magnetoresistance, and different regimes in which magnetoresistance and magnetization show simultaneously reversible or irreversible behavior. These effects are induced by magnetic fields produced by the magnetic dots, and are expected to fade away at temperatures further below T c as critical fields increase.
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